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Nongrey greenhouse calculations are performed with CO

HZO’ and N

2,
, @8 sources of the infrared opacity. Solar-energy
deposition within the various atmospheric layers and at the ground

is explicitly calculated. The pressure-induced transitions of N, are

found to be an unimportant source of opacity for the models con%
sidered, The atmospheric region between the bottom of the clouds
and the surface exhibits an adiabatic profile, and about 0. 5% of water
vapor is required to achieve the desired greenhouse effect. Both
these results are compatible with the Mariner 5 and Venera 4

results.

This is the fourth in a series of papers concerned with the greenhouse
effect on Venus. In the first (Pollack, 1968 - Paper I), equations were
developed to treat the relevant radiative transfer processes; in the second
(Sagan, 1968 - Paper 1I), a comparison was made between grey and nongrey
temperature gradients and greenhouse effects; and in the third (Sagan and
Pollack, 1968 - Paper III), various observations, including the recent space-
craft experiments, were analyzed to obtain information about the structure
and composition of the Venus atmosphere. Here we perform nongrey
greenhouse calculations for model atmospheres possessing infrared opacity

due to carbon dioxide, water vapor, and nitrogen. We wish to determine the




structure of the lower atmosphere of Venus as well as to obtain the water-

vapor mixing ratios needed to achieve the desired greenhouse effect.

Evidence that the surface temperature of Venus is substantially higher
than the temperature at which it radiates to space was first supplied by the
high fluxes seen at radio wavelengths. The spectral distribution of the radio
brightness temperature (Barrett and Staelin, 1964), the Mariner 2 radio
limb-darkening observations (Barath et al., 1964), interferometric observa-
tions (Clark and Kuz'min, 1965), microwave phase-effect measurements
(Pollack and Sagan, 1965a), and finally, radar returns (Walker and Sagan,
1966) are consistent with the radio emission arising primarily from a hot
surface and lower atmosphere. On the other hand, alternative explanations
are inconsistent with one or more of these observations (Pollack and Sagan,
1967a; Walker and Sagan, 1966). In addition, Sagan (1967) pointed out that
the apparent difference between optical and radar diameter estimates offers
an independent argument in favor of a hot Venus surface. The recent Soviet
spacecraft's direct measurement of high atmospheric temperatures on Venus
(Pravda, 1967a, 1967b), its high-pressure results, and those of the American

Mariner 5 spacecraft (Kliore et al,, 1967) confirm these previous conclusions.

We will now summarize the pertinent observational data needed for our
calculations and then outline our treatment of the greenhouse problem. After
correction has been made for the nonunit emissivity of the surface, an aver-
age surface temperature of about 700°K (Pollack and Sagan, 1965a) is im-
plied by the passive radio observations. On the other hand, the Soviet probe
found a surface temperature of 543°K on the night side near the equator. It
should be pointed out that the lower surface temperature implied by the Soviet
observations cannot be attributed to a cooling of the surface at night since at
most only a narrow atmospheric boundary layer would be affected by these
variations as a result of the large heat capacity of the atmosphere. An
extrapolation of the atmospheric temperatures to the surface gives the same
value for the surface temperature as the "observed' value (Paper III). The
American Mariner 5 space probe was unable to measure the temperature at
t

positions as deep as did the Soviet probe; its highest temperatures were
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between 400 and 450°K and were consistent with the Soviet value at a similar
pressure (Paper III). We will consider the average surface temperature as

lying somewhere between 543°K and 700°K.

Estimates of the CO2 mixing ratio, based on various theories of line
formation, yielded values ranging from less than 1% (Chamberlain, 1965) to
almost 100% (Belton and Hunten, 1967). The Soviet spacecraft indicated a
mixing ratio of 90 £ 10% by direct measurement of several gas samples,
while the stratospheric scale height measured by the Mariner 5 implies, in
a less direct fashion, mixing ratios of between about 75 and 90%. The Soviets

also obtained an upper limit of 7% on the N, mixing ratio. Since N, is perhaps

2 2
the only other gas likely to be present in large amounts in the Venus atmos-

phere, the most probable value of the CO_ mixing ratio is between 90 and

2
100%. A more conservative estimate for the CO2 mixing ratio places it as
75% or greater. For a fuller discussion of the limits on the CO2 mixing

ratio implied by the spacecraft experiments, see Paper III

A most important measurement of the Venus 4 spacecraft was a positive
detection of water vapor (Nature, 1967). Its mixing ratio has been estimated
as lying between 0. 1% and 0. 7%. The Soviets also claim to have detected
between 0. 4 and 0. 8% oxygen. Finally, from spectroscopic observations,
Connes et al. (1967) have detected HCl and HF and found their mixing ratios

to be about 6 X 10" and 5 X 10'9.

If we accept the Soviet water-vapor measurement as valid, then there
clearly will be an extensive ice-cloud region in the Venus atmosphere (Paper
III). It should be noted that the mixing ratios detected were below the satura-
tion value at the level sampled, so the estimated water-vapor mixing ratios
apply to the lower atmosphere. The great weakness of the water-vapor lines
formed above and in the cloud layer has been used as an argument against the
presence of ice clouds (Belton and Hunten, 1967). However, the Mariner 5
data imply that line formation occurs principally at the stratospheric tem-
perature and so very weak lines are expected (Paper III). The low reflectivity

of Venus, between 3.0 and 3. 3, can be attributed to the ice fundamental at
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3.1 p and provides some evidence in favor of water clouds. Using near-
infrared reflectivity observations, Sagan and Pollack (1967) estimated an
average particle radius of 7. 5 to 10 p and an optical depth for the hypothesized
ice clouds of 18 to 43. More recent size estimates lower the average radius
by a factor of 2 or 3 (Pollack and Sagan, 1968). We will assume below that
there is a layer of water clouds. Indeed, the water-vapor mixing ratios
needed for the greenhouse effect will demand them. We note that the top
portion of the clouds will be ice, while the bottom layers may include water

droplets.

Infrared limb-darkening observations imply a cloud-top temperature of
about 210°K (Pollack and Sagan, 1965b). The Mariner 5 data provide the
best estimate of cloud-top pressure. The cloud-top pressure as used in the
calculation below refers to that place in the atmosphere where a steep tem-
perature gradient begins abruptly from a zero gradient above. As there is
a small but finite region where the gradient increases from zero to a steep
value, we cannot obtain the cloud-top pressure exactly from the Mariner 5
data, but we estimate it to be about 230 mb (Paper III). A very generous
error limit is £70 mb. The Mariner 5 data appear to be compatible with
previous cloud-top pressure determinations (Paper III). It is not clear
whether the cloud layer is a homogeneous region with a constant mixing ratio
of cloud particles, in which case a wet adiabatic lapse rate through the clouds
would be appropriate, or whether the cloud layer is a series of individual
clouds, in which case a dry adiabatic value may be the pertinent lapse rate.

We will consider both lapse rates.

In addition to the parameters estimated by the Soviet spacecraft, which
are mentioned above, it also found an approximately adiabatic lapse rate
between the 310°K and 543°K levels and through extrapolation a pressure of
20 £ 2 atm at the higher temperature point. At the 700°K level, the corres-
ponding pressure is 75 atm (Paper III).




Mariner 5 found the atmosphere to be isothermal above about the 100-mb
level, with the temperature gradient changing sharply over to approximately
an adiabatic value at all lower levels, There is some indication of a slight
subadiabatic lapse rate for the first 20 km of the region of large temperature
gradient (Paper III), but this result is somewhat uncertain. We note that this
type of behavior would be expected for the first 10 km if a water cloud is

present extending to about the 270°K level and possessing a wet adiabatic lapse
rate (Paper III).

The decline in the microwave brightness temperature below a wavelength
of 3 cm has been attributed to microwave opacity in the atmosphere of Venus.

If all the microwave opacity is attributed to COZ’ NZ’ and H,O vapor, a best

2
fit of the microwave spectral data implies a relationship between the mixing

ratios of these gases, aCOZ’ aNZ, aHZO, and the surface pressure Ps
(Ho et al., 1966): :
X = P2(15.70% . +3.90a.~ ar. + 0.085a. + 1330a.. )
s % co - 7V%0o0 N - V20N H_,O
2 2 "2 2 2
3
=6.33X 10° . (1)

Alternatively, if we attribute the small value of the radar cross section at
3.6 cm (Karp et al., 1964) solely to atmospheric absorption and again assume
that -COZ’ NZ’ and HZO vapor are the only microwave absorbers, then a value
for X of about 6. 33 X 104 would be implied. Such a value may be viewed as
an upper limit on X for plausible models of the Venus atmosphere. For all
successful greenhouse models we will estimate the value of X as well as the

fraction of the opacity due to H, O vapor.

2
From measurements of the reflectivity of Venus at various wavelengths
and phase angles, Sinton (1963) estimates the bolometric albedo is 0. 73, which
corresponds to an equilibrium temperature of 235° K. Bolometric albedos
of between 0.69 and 0. 75 and effective temperatures between 232 and 244°K

have been inferred by Walker (1966) from measurements at one phase in a



number of different wavelength regions. These values are very similar to
estimates of the infrared temperatures of Venus at 3.75 p of 234°K (Sinton,
1963), between 8 and 13 p of 225°K (Sinton and Strong, 1960), and at 20 p of
240°K (Low, 1965). Since the Venus atmosphere above the clouds can be
expected to be fairly transparent at these wavelengths, the above temperature
also provides an estimate of the temperature at which the clouds radiate to

space,

The decline in the albedo of Venus below 4000 ;X cannot be attributed to
absorption by ice particles; their absorption coefficient is much too low.
Rather, we must attribute the absorption to some as yet unidentified compo-
nent of the atmosphere. We will show below that most of the absorption takes

place in the vicinity of the cloud layer.

In the next section, we will estimate the bolometric albedo, as well as
the amount of solar energy deposited in the cloud layer, in various layers of
the atmosphere, and at the ground. Next, we will calculate the amount of
energy radiated by the planet to space and compare this value with that implied
by the bolometric albedo in order to ensure that a heat balance occurs between
the solar energy absorbed and that radiated to space. The main efforts of this
paper will be directed toward calculating a series of greenhouse models for
various gas amounts and pressures. In particular, we wish to find the carbon
dioxide and water-vapor mixing ratios needed for the greenhouse effect, the
lapse rate in the lower atmosphere, and the microwave opacity implied by
each model. All these calculations will be based upon the nongrey equations
developed in Paper I. Finally, we will summarize the findings of our calcu-
lations and discuss the results of other investigators who have dealt with the

greenhouse problem for Venus.
I. SOLAR ENERGY DEPOSITION

We wish to calculate the fraction of the incident solar energy that is
absorbed by Venus, as well as the distribution of the deposited sunlight

throughout the atmosphere. Account must be taken of absorption and




scattering by atmospheric gases, cloud particles, and the ground. In Paper
I, approximate formulas to treat such a situation have been presented. We
now specify the various parameters needed to carry out the calculations for

Venus, as well as to state the assumptions involved.

We first consider those wavelengths at which gaseous absorption may be
neglected. For this case, Egs. (52), (53), and (54) of Paper I determine the
fraction of the monochromatic solar energy that is absorbed at the ground,
fa(g), absorbed by the clouds, fa(c), and reflected to space, fr' These
equations were derived under the assumption that no Rayleigh scattering
occurs above the cloud layer, a good assumption for the cloud pressures and
wavelengths of interest, and that the ground albedo is zero. According to
Eqgs. (52), (53), and (54), f (g) (c), and f are functions of the transmis-
sivity 430 reflectivity A o and absorpt1v1ty B of the clouds as well as the
transmissivity t, of the Raylelgh-scattermg layer. Equations for 7 A o
and B, are given in Sagan and Pollack (1967); they depend upon the optlcal
depth of the cloud t)\, a parameter 28, which indicates the forward-scattering
asymmetry of the phase function, and the single scattering albedo 250()\),
which is a function of the particle size and absorption coefficient of the cloud

material. An approximate equation for &, is given in the same paper when

the size is large compared to the wavelength. In evaluating s Ac’ and B,
we assumed the cloud particles were ice crystals with a mean particle radius
of 7.5 u and that the optical depth of the clouds in the visual lie between 18
and.43, for reasons given in the introduction. The optical depth at any other
wavelength can be found by scaling of the extinction cross section Qext’
while 2B equals 1 - {(cos 0), where (cos 8) is the average cosine of the scat-
tering ahgle. The parameters Qext’ ?olo, and (cos 0) were obtained from Mie
scattering calculations by Irvine and Pollack (1968) for small ice spheres.
These same authors also provide values for the absorption coefficients of ice.
When the particle is large compared with a wavelength Qext’ (cos 6) and, to
a lesser extent, @ ., show an oscillatory behavior when evaluated for a single-

0
particle size, as was the case for the Irvine and Pollack estimate The



allowed for and so we used average values of Qex and (cos 0) and the formula

t

in Sagan and Pollack forg when the size was large compared to a wavelength.

Equations (55) and (56) of g’aper I specify the transmissivity of the Rayleigh-
scattering layer t, in terms of the surface pressure for a pure N2 atmos-
phere. Calculations will be performed for surface pressures of 15 atm,

75 atm, and 300 atm. The corresponding pressures for a pure CO2 atmos-

phere that will yield the same results are 10, 50, and 200 atm, respectively.

We next consider the calculation of the amount of solar energy absorbed
by the atmospheric gases., Both CO2 and HZO vapor can be expected to absorb
a significant fraction of the incident solar beam. Equations (57) and (58) of
Paper I provide estimates of the equivalent width AY for absorption by a band
or several nearby bands. The quantity AY gives the equivalent width for all
the absorption that takes place between the top of the atmosphere and the end
of a given path length, characterized by a gas of amount W and pressure P.
The value W is proportional to the integral of the absorbing gas density over
the path length of interest. We will use a W weighted average value for P,
which equals half the end-point pressure when the path is a direct one, since
W o« P by hydrostatic equilibrium. Because of the nonlinear dependence of
AV on W, all calculations must have as the starting point the top of the atmos-
phere. Similarly, after the solar beam is reflected by or transmitted through
the clouds, it must be diminished by a factor of AC or ff By taking the dif-
ference between the value of AV for two end points, we can obtain the value of
Av appropriate for absorption between those two levels. For direct paths,
we assume that on the average W equals twice its value for a vertical path.
Finally, when there is much scattering, such as in the cloud layer, we
increase the path by 287. See Paper I for a detailed discussion of this point.
(Fortunately, little correction is needed for Rayleigh scattering because of
the long wavelengths at which gaseous absorption takes place, and no correc-

tion was made in the calculations performed.)



As an example of our approach, suppose we wish to calculate the amount
of solar energy absorbed in a particular band between levels A and B after
reflection by the clouds. We calculate AV, and AV

A B
the tops of the clouds and then up to the level of interest. The amount of solar

for paths first down to

energy absorbed by the band between A and B after reflection from the clouds
equals FI;IAC(A"I‘;A - A?/IB)I/‘I, where F» is the solar flux at normal incidence
expressed in units of cm AC is the cloud albedo, and the factor of 4 repre-
sents the result of averaging the solar flux over the day and night side. To
obtain the total solar energy absorbed by the band between levels A and B we
must add on FI;;(A’{}J]'B - Agé)/4, where AV’ is evaluated for paths directly
down to levels A and B and represents the solar energy absorbed before

reaching the cloud layers,

To carry out the calculation of gaseous absorption, we must first find the
values of the empirical constants appearing in Eqs. (57) and (58), as well as
the boundary point Aa} , which indicates the appropriate formula to be used.
Howard et al. (1956) and Burch et al. (1965, 1966) are our basic sources of infor-
mation for these parameters. Unfortunately, for the Howard et al. parameter
specification, ATJIS’W does not exactly equal Aﬂ\js,s at the boundary point A’\;; .

To remedy this situation, we demanded that k be such that k/d equal K/D, a
condition nearly met by the original data, and redetermined c so that Ay

2

would exactly equal A“v’s,w at aY.
For a number of bands — 1,44 and 1.59 p COZ’ 0.926, 1.14, and 3.26 n
HZO — values of the empirical parameters are given for the strong-line,
weak-band region (sw), but none of the strong-line, strong-band region (ss).
We attempt to estimate C,D, and K in the following manner. As above, one
relationship is supplied by setting K/D equal to k/d. A second equation
involving C,D, and K follows similarly by (AA’J)S w being set equal to (A?}I)S S
at (A'¥)£ . (Values of A?f[ are given by Howard éf_a_xl. for these bands.) ’
Ohring et al. (1964) have suggested that a third relationship could be obtained
by trying to find a linear relationship between C and D from the bands for
which these parameters have been determined. While a weak linear relation-

ship is suggested by the COZ data, this is certainly not the case for the HZO



data, as detailed calculations show and as is evident from Table 1 (C and D
are given by Howard et al. for the 6.25, 2.58, 1.87, and 1.38 p HZO bands).
A third relationship is suggested from Eq. (58) if we note that for very large
values of WPK /D, (A’\‘z')s s o D. This suggests D should be related to the
limits of the various ban,ds. We tried a proportionality relationship between
D and the band limits: D = 3(3'1 - 32), where ,1\;1 and ’1‘/’2 are the band limits
and a is a constant. The parameter a was determined separately from each
known value of D. For the HZO bands, a was found to be 0.24, 0.23, 0.21,

and 0, 3! for an average value of 0,25, while for the CO2 band, a was 0.22,

0.10, 0.24, and 0. 31 for an average value of 0.22. While there is a moderate

dispersion in the individual values of a, it is not too large. It is interesting

to note that the average values of a for the CO_ and HZO bands are quite

2
similar.

Finally, no data are given in Howard et al. for the very weak 1. 06 and
1.22 p CO2 bands and the 0,813 and 0.719 p HZO bands. However, Burch
et al. (1965,1966) have recently finished a study of these bands and kindly
furnished us with preprints of their data. Their data provide values for ¢
for these bands, and the band limits are known. Since d and k are quite
similar for various bands of a given gas, we used the values of the nearest
known band, Finally C,D, and K were determined by the method outlined

above.

Table 1 summarizes the values of the empirical parameters as deter-
mined above. Because of a lack of data at high temperatures, all these
parameters have been evaluated for 300°K, and no attempt has been made to
apply temperature corrections or to consider hot bands that could be impor-
tant at higher temperatures. As we will see later, inclusion of temperature
corrections will not affect our basic results. We can calculate the total
amount of sunlight absorbed by the atmospheric gases, the energy absorbed
between any two levels in the atmosphere, and the amount absorbed below a

particular level,

10




Our basic procedure is to calculate the values of fa(g), fa(c), fr, and AC
for all wavelengths above 4000 A and similarly to obtain the values for AV
Overlapping by neighboring gaseous absorption bands is corrected for by
assuming a square-wave distribution for the absorption in wave-number space.
Finally, all wave-number integrations are weighted by the wave-number dis-
tribution of solar energy, with the integration for the amount of sunlight
absorbed by the ground and cloud aerosols carried out only over the regions
between absorption bands. The absorption below 4000 A is due to an unknown
absorber, and the absorption was evaluated directly from the observed
albedos (Sinton, 1963; Evans et al. 1965). We denote this component of
absorption by x.

Figures 1, 2, and 3, exhibit the monochromatic albedo of Venus, in the

, the absorptivity of the clouds B)\, and

Figure 1 shows that beyond 1 u the

absence of gaseous absorption &E
the transmissivity of the clouds "jé)\.
curves for a fixed optical depth of the clouds show little surface-pressure
dependence and hence almost all the observed albedo is derived from the
clouds. Moroz (1963) finds that the ratio of the continuum albedo at 1.2 p to
that at 5500 A is about 0. 9, and so the cloud itself has an intrinsically high
albedo. Such an albedo ratio is compatible with the computed curves shown
in F'ig., 1 for surface pressure permitted by the recent spacecraft experi-
ments, We also see from this figure that below 4000 A the predicted albedo
approaches unity, in severe disagreement with the observations. This indi-
cates the presence of some additional absorber, which furthermore is neither
CO2 nor HZO' Since the ratio of the reflectivity at 3500 A to that at 5500 A
is 0.61, which is significantly lower than the ratio that would pertain if the
absorber were completely below the clouds and so affected only the Rayleigh-
scattering component, the absorber must exist partially above the bottom of
the clouds. We will tentatively assume that all the absorption below 4000 A

takes place above the cloud bottoms.
Figure 2 shows that the cloud aerosols do not absorb an appreciable

fraction of the sunlight except for wavelengths in excess of 1.5 u. However,

there is still a significant amount of sunlight beyond 1.5 p, and so some solar

11




energy will be deposited in the water particles. Even though the cloud begins
to absorb beyond 1.5 p, according to Fig. 3 it is not until 2. 7 u that they
become very opaque and transmit little radiation., In Table II we provide
estimates of the wavelength regions free from gaseous absorption along a
path stretching from the top to the bottom of the atmosphere. In these
windows sunlight will reach the surface. Gas mixture B denotes a mixing
ratio of 10-3 for CO2 and 8.6 X 10-4 for HZO vapor in the lower atmosphere,
while gas mixture A refers to a mixing ratio of 107! and 9.6 x 10_3, respec-
tively. It is interesting to notice how insensitively the size of the window
region depends upon the mixing ratio chosen. This is because the bands are
either very weak or on the logarithmic parts of their curve of growth., The
second column of Table II is the one closest to the conditions found by
Venera 4, We see that almost all of the solar energy beyond 1 p and some of
that between 0.7 pu and 1 p will be absorbed before reaching the ground.
Nevertheless, since the biggest window regions are located near the peak of
the solar-energy distribution, the ground will be able to absorb an appreciable
amount of sunlight, In other words, the Venus atmosphere is not completely

black to sunlight, and the greenhouse is therefore not completely "dirty."

Calculations of solar-energy deposition were carried out for a variety of
cloud optical depths T, surface pressures Ps, and gas amounts. Inall
cases, the cloud-top pressure was taken as 200 mb. Table III summarizes
the distribution of the deposited solar energy among the various sinks: The
atmosphere a, ground g, cloud aerosols ¢, and unknown absorber x. The
parameter n denotes the fraction of energy deposited in a given sink and is
normalized by the total amount of sunlight absorbed, in contrast to the total
amount of sunlight incident upon the planet. Also given are the total fraction
of energy absorbed in the cloud layer n’(c), which is the sum of the aerosol
fraction and the gaseous fraction within the cloud layer, the fraction of sun-
light absorbed above the cloud layer n’(a), and the fraction absorbed by the

atmosphere below the cloud layer n”(a).

12




For a fixed pressure, the difference in the distribution of solar-energy
deposition between the various cases arises mostly from a variation in the
optical depth of the clouds rather than the gaseous mixing ratios: When the
optical depth is increased, less light is transmitted through the clouds to be
absorbed by the atmosphere beneath or by the ground., Similarly, the major
difference in the amount of sunlight absorbed at the ground is attributable
both to variations in the optical depth of the clouds and the optical depth for

Rayleigh scattering, which is important at the major window regions.

A parameter of great importance for later calculation is the fraction
f(zc) of the deposited energy that is situated below the cloud layers. As the
unknown absorber in the UV absorbs entirely above the bottom of the clouds,
f(zc) will simply equal n(g) + n”(a). From Table III, we see that f(zc) varies
only very slowly with large changes in surface pressure and in the mixing
ratios of C02 and HZO and is somewhat more sensitive to the choice of the

optical depth of the clouds.

Table IV gives a detailed breakdown of the location of the solar-energy
deposition. It gives the fraction Ah of the absorbed sunlight that is deposited
in a given level of the atmosphere per unit pressure. For example, with
PS = 15 atm, T= 18, and case A, 1.5% of the total deposited sunlight resides
in level 8 per unit pressure, and so 4. 5% altogether lies within level 8 as
level 8 spans the region from 2-atm pressure to 5 atm. An important feature
of Table IV is that the solar flux declines only very slowly with increasing
depth below the cloud layer. Letus consider case A, PS = 15atm, T=18
and suppose all the energy deposited in x lies above the bottom of the clouds.
Then 62. 7% of the deposited energy will be placed below the cloud bottom,
55% will be situated below the 2-atm level, 50.4% below the 5-atm level,

46. 9% below the 10-atm level, and finally 43. 7% will be positioned in the

ground. One consequence of this slow decline, as we will see in Section III,
is that it is the total solar flux deposited below the cloud that determines the
greenhouse effect, and not the amount deposited at the ground. We see that

a substantial amount of sunlight is deposited below the cloud layer.

13



Table V exhibits the bolometric albedo, i.e., the fraction of solar energy
reflected to space, and the effective temperature of the planet for each model.
The effective temperature is the average temperature at which Venus must
radiate to space to lose an amount of energy equal to the amount of sunlight
absorbed. The formulas used are given in Blanco and McCuskey (1961). We
see that the values of the bolometric albedo are quite similar to the more

directly observed value of approximately 0. 73,
II. ESTIMATES OF THE ENERGY BALANCE

In the last section, we estimated how much solar energy was absorbed
by Venus. We now wish to calculate how much infrared radiation Venus
radiates to space and see how comparable these two figures are. In principle,
they should exactly agree, but because of an uncertainty as to the choice of
certain parameters, we can demand only approximate agreement. That this
will be the case is readily seen: Fig. 3 shows that for all wavelengths in
which there is an appreciable amount of infrared energy — 3 p to 100 p—
the clouds of Venus are extremely opaque, and thus the effective temperature
of emission to space will be close to that of the effective emitting tempera-
ture of the clouds, 235° K. The effective temperature will actually be some-
what lower because of the presence of gaseous opacity in certain infrared

wavelength regions.

To perform the infrared flux calculation, we must first ascertain the

parameters Cij’ s.., that appear in Eq. (13) of Paper I for the opacity

r.., S..
of gas j in the wavlcglenngth interval i, The broad-band opacity Tij is a trans-
mission average opacity, as defined in Eq. (3) Paper I. We will be con-
cerned with three sources of gaseous opacity: HZO’ COZ’ and NZ' The N2
molecule is homonuclear and so its infrared transitions are forbidden.
However, at sufficiently high pressure, a pressure-induced dipole moment
will be present. While in principle the opacity parameters can be derived

directly from low-resolution laboratory spectra, in practice some wavelength

regions necessitated path lengths as yet unachievable in the laboratory. In

14



addition, certain wavelength intervals susceptible to laboratory measurement
have not been investigated for a broad enough range of pressure and gas

amount, and future work in this area would be highly valuable,

Our basic source of data for CO2 was broad-band transmission values
theoretically calculated by Stull et al. (1963) at pressures of 1 atm and lower,
and by Plass and Wyatt (1962) for pressures up to 31 atm. The transmission
averages were calculated for a wide range of gas amounts. Below 8.9 p we
employed the transmission calculations of Wyatt et al. (1962) to obtain the
relevant parameters for HZO vapor. Between 8.9 and 12. 9 u, we utilized
the empirical formula given by Davis and Viezie (1964), while for the longer
wavelength domains, laboratory data by Stauffer and Walsh (1966) and by
Palmer (1960) were fitted to Eq. (6) of Paper I. Finally, Solomon (1966)
has kindly provided us with a graph of the monochromatic opacity for a

hypothetical atmosphere consisting of 90 atm of N_ and 10 atm of COZ' We

note that pressure-induced transitions show no ro%ational fine structure and
that the monochromatic opacity varies quite smoothly with wavelength, Since
the monochromatic opacity of pressure-induced transitions scales as pres-
sure squared, or more correctly, pressure times gas amount, Solomon's
opacity can be generalized to a variety of hypothetical atmospheres and r will

equal s.

All the above data refer to a temperature of 300° K. Unfortunately, there
are not enough data at higher temperatures to allow for possible temperature
dependence. The one exception and an important one is that we can readily
allow for the temperature variation when the dominant sources of opacity in
a given interval at 300° K are hot bands. This is the situation for the 8.9 to
12.9 u region for COZ’ which is dominated even at 300° K by the 9.4 u and

10.4 p hot bands. We simply set Gil/rl equal to the Boltzmann factor with the

l/r1= 1 at

energy appropriate for these bands and normalized so that G.1

300° K.
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Tables VI, VII, and VIII summarize the value of r, s, and ¢ found in the
above manner. The values of ¢ given in these tables are appropriate when
the pressure has units of atmospheres and the gas amount has units of cm
O, and 1. 11 atm for N

atm for COZ’ pr. cm for H Two estimates of r, s,

and ¢ have been made fromzpairs of transmissivityzvalues; one being near

1/2 and the second pair having much lower transmissivity values. The for-
mer quantities are labeled without primes, while the latter are denoted with
primes'. Primed and unprimed values of r represent transmission values
spanning several orders of magnitude differences in gas amounts, while pairs
of s values generally cover only an order of magnitude difference in the values
of pressure, with a maximum pressure of 1 atm. Three important exceptions
to the pressure values investigated are regions 6 and 7 for COZ’ which span
pressures between 1 and 31 atm, and region 8 for COZ’ which spans pressures
between 0.2 and 31 atm. The values of c and ¢’ were obtained from the same
data used to calculate r and r’, respectively. To some extent, the difference
between ¢ and c¢’is due to the change in the value of r, rather than to a change
in the opacity as calculated by the original formula. To estimate how much the
opacity itself has changed, we have calculated the quantity WC, which is the
gas amount required for the transmissivity to equal 1/2 along a path at a
constant pressure of 1 atm. We see that generally r, s, and Wc change very
slowly with pressure and gas amount so that opacity Eq. (13) should be fairly
accurate when used as an interpolation formula, and this equation will still
have some validity as an extrapolation formula. In all the calculations below
we will use the unprimed values since they interpolate the transmissivity at
those optical depths contributing most to the flux. We see that for many

intervals r ® s as was expected from the discussion in Paper L.

Equation (4) of Paper I is now used to calculate the flux radiated to space
in each wavelength interval. We note that the wavelength intervals in
Tables VI through VIII span the region from 2 to 100 u. Such a wide range is
needed to ensure adequate coverage of the blackbody function. Equation (13)
is used to calculate the opacity in a given wavelength interval for a specified

onnt
AR}

o a = 1 -
s U awpulvcil, aliudl

the total opacity. We approximate the radiative transfer process for the
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cloud layer by localizing the cloud opacity at the 235° K temperature level and
assuming it to be infinite. The atmosphere is assumed to be adiabatic from
the 235° K level to the 210° K level, above which the atmosphere is assumed

to be isothermal.

Table IX summarizes the results of the flux calculations for individual
wavelength regions by assigning an effective temperature at which a blackbody
would produce the same amount of flux as is actually emitted. The calcula-

tion was performed for two CO, mixing ratios, 0. 1% and 10%. Water vapor

was assumed to be present at szaturation values throughout the adiabatic por-
tion of the atmosphere. Again, the pressure at the bottom of the isothermal
region was taken as 200 mb, We see that the opacity of the atmosphere above
the clouds has become small in many wavelength regions, owing to the precip-
itation of water vapor as well as the temperature sensitivity of the 9.4 and
10.4 p hot bands. In particular, we see that in the wavelength intervals 3, 42
to 3.88 p, 8.89to12.90, and 17.39 to 29.41 p, where the temperature has
been measured, the effective temperature is close to the cloud temperature.

Thus, in the first approximation we can identify the measured temperature

with the cloud temperature, as was done in the introduction of this paper.

Summing over all wavelength intervals, we can derive an integrated flux
and from that an effective temperature for the thermal radiation to space.
We find a value of 225.4° K for the 10% CO2 case, and 227.4° K for the 0.1%
case. We note the great insensitivity of these numbers to the CO2 mixing
ratio assumed. An uncertainty of £10° K is attached to these calculations,
which is derived mostly from an uncertainty in the effective cloud tempera-
ture. This temperature can be compared with a value of 235° K, with a
similar uncertainty, derived from the bolometric albedo and summarized in
Table V. The two results are equal within their uncertainties. These cal-
culations may be viewed as showing that the cloud-top temperature, and
more generally the temperature throughout the cloud, are controlled by the

heat-balance requirement.

17




III. TEMPERATURE STRUCTURE OF THE VENUS ATMOSPHERE
AND REQUIREMENT FOR THE GREENHOUSE EFFECT

We wish to estimate the amount of COZ’ HZO’ and N, needed to produce

a very efficient greenhouse effect and to find the temperazture lapse rate in
the region between the bottom of the clouds and the surface. In Paper I we
discussed why the clouds can be expected to mark the end of the convection
zone in the lower atmosphere. We showed that the temperature gradient
near the cloud bottom is not necessarily indicative of the gradient in deeper
and so in principle there could be only a local convection zone near the cloud
bottoms. The demand that the clouds exist at the end of the convection zone
enables us to specify the temperature gradient Y, as will be done below, and
so from Eqs. (33) and (36) of Paper I for the net infrared flux at the cloud
bottom we can obtain a constraint on the opacity. With this constraint we can
then find the radiative temperature gradient in deeper portions of the atmos-
phere from Eq. (26) of Paper I and, finally, calculate the microwave opacity

of the atmosphere.

We now consider the flux equation at the bottom of the clouds in more
detail, The quantity F(z) simply equals f(z) 0'T4e, where o is the Stefan-
Boltzmann constant, Te is the effective temperature, which we take as 235° K,
and f(z) is the fraction of the deposited sunlight, which is absorbed below level
z, here the cloud bottoms, The calculations of Section I indicated that f(z)
was very insensitive to the choice of gas amount or surface pressure and we
will use an average value of 0. 525, implied by Table III for a surface pres-
sure of 15 atm., If we assume that the effective emitting temperature of the
clouds in a downward direction TC equals the thermometric cloud-bottom
temperature, then according to Eq. (35) of Paper I there will be a tempera-
ture discontinuity at the cloud bottoms for the radiative equilibrium solution.
If AT denotes this discontinuity and if we assume that the radiative lapse rate
is half the adiabatic value from the air cloud-bottom temperature T(z) to

T(z) + AT, then when convective instability is allowed for, the temperature

18



will go from T _ to [T(z) + AT] over the same region of the atmosphere and
the gradient will be adiabatic. We note that our calculations are very insen-
sitive to the exact specification of the boundary-layer radiative lapse rate.
We further assume that the radiative lapse rate is the adiabatic value below
the boundary region so that the clouds mark the end of the convection zone.
We note that because the clouds act as a blackbody at the upper boundary, the

stratospheric-structure problem is decoupled from the tropospheric problem.

A number of simplifying assumptions entered into the derivation of
Eq. (36) of Paper I from the rigorous integral form of the flux equation,
Sample calculations indicate that the use of Eq. (36) gives rise to errors of

less then 15%, which was considered adequate for our purposes.

We now consider the number of free parameters entering into Eq. (36)
of Paper I. The quantities f(z) and ¢ have been specified above; 2.1 is defined
by Eq. (33) of Paper I. Since ej is proportional to the mixing ratio of gas j,
and Bi is a function of temperature, which in turn is related to pressure
through §, there are essentially five free parameters: The mixing ratio of
the three gases under consideration, the total pressure at some reference
level, and the cloud-bottom temperature. Since HZO’ COZ’ and N2 can be
assumed to be the principle constituents of the Venus atmosphere, the sum of
their mixing ratios must be one. In addition, the partial pressure of water
vapor at the cloud bottoms will equal the saturation value, which is a function
only of the cloud-bottom temperature Tc' Thus, only three independent

parameters enter into Eq. (36). For a given model we select two of these

parameters and use Eq. (36) to find the third.

We choose as the two specifiable parameters the cloud-top pressure ﬂl:J’,
for which we have various measurements, and the cloud-bottom temperature
Tc' The CO2 mixing ratio GCOZ’ is then inferred from Eq. (36). The
values of c, r, and s contained in Tables VI, VII, and VIII are used in the

calculations.
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We choose to determine the CO2 mixing ratio ‘o from the cloud-
bottom flux equation because the atmosphere in its vicinity is at conditions
close to STP, where the values of ¢, r, and s are most well known and where
our use of Tables VI, VII, and VIII will be mostly an interpolation procedure.

For this reason, we feel the determination of a from the flux at the bottom

of the atmosphere is far less desirable. In ord(égzto extrapolate the cloud-top
pressure to the cloud bottom and thence to lower altitudes, we must first know
the lapse rate within the clouds. From the monochromatic transmissivity of
the clouds, summarized in Fig. 2, we can readily calculate the Rosseland
mean opacity of the clouds for a typical cloud temperature of 240° K. We

find this to be 6 for a visual extinction optical depth of 18 and 13 for a visual
value of 43. If the cloud layer is well mixed and the cloud-top temperature

is 210° K, these optical depths would imply cloud-bottom temperatures of
375° K and 450° K, respectively, under the assumption of radiative equilib-
rium. Since lower cloud-bottom temperatures will be considered in our
models, such clouds would be in convective equilibrium with a wet adiabatic
temperature gradient, i.e., one that allows for the release of latent heat.
Relevant formulas for the wet adiabatic lapse rate are contained in Hess
(1959). Similarly, if the clouds occur in discrete layers with radiative
exchange between them, we can again expect an adiabatic lapse rate, although
it may be a dry one. We will employ both lapse rates to extrapolate the

cloud-top pressures. The cloud-top temperature is taken to be 210° K.

We now use the values of the specified parameters as well as the CO2
mixing ratio inferred from the flux equation at the cloud bottoms to calculate
the radiative value of Y at a pressure level 6 times that of the cloud bottoms.
An adiabatic lapse rate is used to find the temperature at this point from the
atmospheric parameters at the clouds. Equation (26) of Paper I is used to
perform the calculation of Y, If the radiative value of Y is greater than
v/(y - 1), where y is the ratio of the specific heats, the atmosphere is unstable
at that position and so assumes the adiabatic value. We then use the actual
value to proceed to a level where the pressure is 1.5 times larger than at
the present level and the process repeated, We continue in steps of 1.5
until an assumed surface temperature of 700° K is reached. The value of

f(z) at each pressure level is found from the calculations in Table IV,
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Finally, we estimate the microwave opacity of the atmosphere by
calculating the parameters M and R; M is defined as the ratio of the param-
3

eter X, defined by Eq. (1) of the introduction, to 6,33 X 107, If COZ’ H,O0,

and N2 are the chief sources of the microwave gravity of Venus, a value for
M of 1 gives a good fit to the microwave brightness temperature spectrum,
while a value of 10 would account for the low 3. 0-cm radar cross section.
In any case, M should not be above 10. The parameter R is the ratio of the
fourth term of Eq. (1) to the sum of the first three and is thus the ratio of the
microwave opacity due to water vapor to that attributable to CO2 and NZ'
A computer program was constructed by David Ziskind to carry out the
above calculations and allow us to explore many possible models. Our

approximations made the equations sufficiently simple so that 200 model

calculations were carried out in just an hour of computer time.

We now summarize the results of the above calculations. One general
property of all models is that the atmosphere is in convective equilibrium
from the cloud bottoms to the ground. This result was anticipated in Paper
II. Usually the wavelength region contributing the most to the total flux was
region 6, characterized by a mean wavelength of 8 p and thus according to
Eq. (21) of Paper I by a value of n of about 4. 5 at 400°K. Water vapor was
usually the most important contributor to the opacity in this region and so
s/r= 0.8. The parameters ¢ and £ are approximately zero. Thus, the
radiative value of ¢ at the 400°K level is about 0. 4 compared to an adiabatic
value of about 0.2. As the sample calculation would indicate and as the actual
ones showed, the radiative value of y was considerably larger than the adia-
batic value. Accordingly, the exact value of f(z) is irrelevant for the final
structure of the atmosphere as long as it varies slowly with pressure below
the clouds, as it did for all the cases considered in Table IV. Similarly, we
may have neglected important sources of opacity at high pressures and
temperatures, such as hot bands, but these will only lead to larger radiative
values of ¢ and the resultant atmospheric structure will remain adiabatic.

We also see that the greenhouse effect is determined by the value of f(z) at
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the cloud bottoms and not by its value at the surface: We can change f(z) at
the surface substantially without changing the atmospheric structure. The
predicted adiabatic behavior of the lower portion of the Venus atmosphere

is in good agreement with the Venera 4 and Mariner 5 results.

The values of Wc’ the gas amount needed to achieve a transmissivity of
1/2 at 1 atm pressure, allow us to estimate the wavelength where the opacity
will be the least and the contribution to the total flux the greatest. Tables VI,
VII, and VIII list the estimates of Wc' For comparison, an atmosphere of
10% CO,, 1% H,O, and 89% N,

7.1 pr. cm, and 0. 89 atm, respectively, of these gases above the l-atm

YT Iad - 1 4
would have Wc amounts of 8.7 X 10" cm atm,

pressure level. Thus, for example, region 4 for COZ’ the region of the 15 p
fundamental, is characterized by a WC value of 6.5 and certainly will be

very opaque unless the CO_ mixing ratio is exceedingly small. On the other

2
hand, regions 6, 7, 11, and 13 are very transparent for COZ’ and in fact

regions 1, 2, and 3, where there is essentially no CO, opacity, are completely

2
transparent. Water vapor quite conveniently is fairly opaque at a number of
these transparent regions for COZ’ as indicated by Sagan (1960). In regions

1, 2, and 3 it is very opaque. Here the pure rotation band of H,O vapor is

2

situated. Similarly, regions 7 and 11 are fairly opaque for H,O vapor. Thus,

we can see that regions 6 and 13 will be the most transparent 2ones for a
mixture of HZO and COZ' Because region 6 is closer to the peak of the black-
body function than is region 13, except perhaps at the bottom of the atmos-
phere, region 6 can generally be expected to be the one most contributing to
the total flux and the region most influencing the greenhouse calculations.
This fact was first pointed out by Sagan (1960). Comparing Tables VI and VII
with Table VIII, which gives the regions in which N2 pressure-induced opacity
is the strongest, we see that in regions 1, 2, and 3 the pressure-induced
rotational opacity of N2 will generally be small compared to the permitted

rotational opacity of H O vapor, and similarly, in region 9, the pressure-

2
induced fundamental of N2 will generally be insignificant compared to the

4.3 n CO2 fundamental.
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The above deduction, that the N2

generally unimportant, is borne out by the calculations. Even with a cloud-

pressure-induced transitions are

bottom temperature as low as 240° K and water-vapor mixing ratios as low
-5 . . . .

as 10 7, the water-vapor opacity still dominates in regions 1, 2, and 3, and a

similar statement holds for CO, and N, in region 9. A somewhat surprising

2 2
fact is that the N2 pressure-induced opacity does not become more important

at the higher pressure near the surface. In region 1, for example, the N2

opacity with respect to the top of the attmosphere varies as PZ, while the HZO
opacity, again with respect to the top of the atmosphere, varies approximately

as Pl, and so the N opacity will certainly increase faster than the H, O

2 2
opacity. However, the opacity between two nearby levels in the atmosphere
will not reflect this type of opacity pressure dependence because of the non-

linear dependence of the H O opacity on gas amount, as is explained more

fully in Paper L Accordinzg to Eq. (26) of Paper I, the ability of a given gas
component to reduce the IR flux varies as p(s/r+l), and so the ability of HZO
and NZ to reduce the IR flux will change very little with depth in the atmos-
phere. Table X illustrates this point by comparing the value of Y for COZ’
NZ’ and HZO near the cloud bottoms and near the surface; Y denotes the value
of the quantity within the inner parenthesis of Eq. (26) of Paper I and provides
a measure of the importance of a given gaseous constituent in controlling the

IR flux in a given wavelength interval.

Table VII has an interesting implication about the possibility of HZO vapor
completely dominating the opacity at each wavelength interval. We saw
earlier that with 1% H,
of H,O. We see from the Wc values in Table VII that if the H

2 2
and the total pressure are sufficiently high, water vapor could by itself com-

O above the l-atm pressure level there are 7.1 pr. cm

O mixing ratio

pletely blanket the entire IR wavelength region. Several models below will
explicitly illustrate this possibility. While the mixing ratio and pressure
requirements may be too extreme for the present Venus atmosphere, this

possibility might have been of some importance in Venus' past history.
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Table XI summarizes the results of the greenhouse calculations for a
wide variety of cloud-top pressures and cloud-bottom temperatures. The
symbols 1 and 0 next to the cloud-bottom temperature denote the use of dry
and wet adiabatics throughout the cloud. For temperatures less than 270° K,
the results were essentially identical. Not all models were capable of
fulfilling flux Eq. (36) of Paper I. One obvious reason for such a failure is
that the inferred water-vapor mixing ratio below the clouds exceeds unity.
Such a situation arises when the cloud-bottom temperature is high and the
cloud-top pressure is low. We denote this kind of model by listing >1 in the
U1 0 column of Table X. A second reason for failure is that the opacity may
be too low or too high for any acceptable CO2 mixing ratio. If the cloud-
bottom pressure and water-vapor mixing ratio are too small, even a maximum
mixing ratio of COZ’ 1 - 9y 0 will lead to too high an infrared net flux at
the cloud bottoms. Such a model is identified by >1 in the H. O column. On
the other hand, if the cloud-bottom temperature and cloud-top pressure are
too high, water vapor by itself may be too opaque. We indicate this model
with >0 in the %10 column, Because of a combination of factors discussed
above, no cloud model with a cloud-bottom temperature of 360° K or greater
was successful. When the cloud-top pressure was low, the water-vapor
mixing ratio exceeded 1, and when it was raised sufficiently to overcome this
difficulty, water vapor became too opaque. Despite all the models that did
not work, it is remarkable how wide a range of models was successful;
clearly some observational constraints must be placed so as to narrow down

the list of possibilities.

As a result of the recent space experiments, we can obtain a fairly
specific greenhouse model to compare with the observations. We begin by
imposing modest limits on the input parameters and progress to more severe
limits., The cloud-top pressure surely lies between 50 and 500 mb, and the
CO2 abundance should exceed 50%. Figures 4 through 9 illustrate the behavior
of the other parameters under these constraints. The dashed curves and
solid curves correspond to the assumption of a wet and a dry adiabatic lapse
rate in the clouds, respectively. The values of P, the surface pressure, M,
and R are all computed for an assumed surface te;nperature of 700°K. If the

surface temperature is actually 543°K, PS should be lowered by a factor 4. 5,
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M by a factor of 20, and R will be unchanged. The space experiments certainly
permit more stringent limitation on the input parameters. Table XII sum-

marizes the range of output parameters permitted when the CO, mixing ratio

2
is above 75% and the cloud-top pressure lies between 150 and 300 mb. Finally,
let us pick the most likely set of input parameters: a cloud-top preésure of

230 mb, a CO2 mixing ratio of about 97%, and a wet lapse rate in the clouds.

The resulting output parameters are again summarized in Table XI.

Let us now consider Table XII in greater detail., A pressure of 100 atm
at the 700° K level is implied when the best choice of input parameters is
used., This implies a pressure of 22 atm at the 543° level, in excellent
agreement with the Venera 4 results of 20 £ 2 atm. A similar agreement
could be obtained by choosing a higher cloud-top pressure than 230 mb and

lower values of the CO2 mixing ratio.

For the best-choice case, a water-vapor mixing ratio of about 0. 5% is
required. This value falls within the range of 0.1 to 0. 7% for the water-vapor
mixing ratio determined by the Venera 4 experiment. If we lower the CO2
mixing ratio below 97% and raise the cloud-top pressure above 230 mb so as
to achieve the Soviet pressure value at 543° K, we again obtain water-vapor
mixing ratios compatible with the Soviet water-vapor results. Similar state-
ments hold for a change from wet to dry lapse rate in the clouds, which also
requires an increase in f:’J to match P(T = 543° K). Even with the conditions
relaxed to ay = 0.75 and 150 mb < P < 300 mb, the water-vapor mixing
ratio required %or the greenhouse effect is at most a factor of 3 above the
Soviet upper limit. Thus it would appear that HZO and CO2 are the chief

sources of the greenhouse effect on Venus, provided we accept the Russian

water measurements as valid.

The cloud-bottom temperatures T implied by the calculation are close
to the freezing point of water. Hence, the cloud will consist mostly of ice
crystals except near the bottom. The wet lapse rate implied by these tem-
peratures is compatible with the apparently slightly subadiabatic lapse rate

inferred from the Mariner 5 results for the region the clouds would occupy

25




(Sagan and Pollack, 1968). The sharp change in temperature gradient near
the 230-mb level was expected by our model. Below 230-mb level there is
abundant opacity due to the cloud aerosols, while above the 230-mb level
there is only CO2 absorption in a few wavelength regions and a large amount

of solar heating.

The values of R in Table XII show that both CO2 and HZO vapor will make
similar contributions to the microwave opacity. For the '""best' case, there is
about twice as much CO2 microwave opacity as HZO opacity. The value of
M indicates that the sum of the two opacities will be quite significant in reduc-
ing the microwave brightness temperature found below 3 c¢cm in wavelength
from the value of the surface brightness temperature. For a surface tem-
perature of 700°K, there is so much opacity that all the reduction in the radar
cross section between 12.5 and 3. 8 cm can be attributed to atmospheric
absorption. In fact, for the best model, the M value at 700° K is a factpr of
3 too much. - We note that M is very sensitive to the choice of ®co, and TS.
Even for a surface temperature of 543° K, M will range between 1/2 and 2
(it equals 1.5 for the '"best'" model) and so there will be appreciable micro-
wave opacity below 3 cm in wavelength. We note that part of the decrease in
cross section from 12.5 cm to 3.8 cm may be due to a decrease in dielectric
constant (Pollack and Sagan, 1965a). An M value of 1 gives a good fit for the
microwave spectrum when Ts = 700° K. If TS is as low as 543° K, the
observed brightness temperature would be too low by between 100 and 150° K
at long wavelengths, where there is negligible atmospheric attenuation.

Clearly, the problem of fitting the microwave spectrum must be reconsidered.

We now summarize the basic results of this section. For all models,
the atmosphere is convectively unstable and an adiabatic lapse rate is
expected between the clouds and surface in approximate agreement with the
spacecraft findings, As a result of the large instability near the surface, it
is the solar energy deposited below the clouds and not the amount deposited
at the ground that determines the greenhouse effect. If we assume that CO2
and HZO vapor are the only source of infrared opacity below the clouds and

use the mixing ratio of CO2 and the pressure found by the spacecraft
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experiments, our greenhouse models require amounts of HZO in the lower
atmosphere, which are in reasonable agreement with the amount apparently
detected. In addition, cloud-bottom temperatures close to the freezing point

of water are found and the H,O vapor and CO2 will both be important sources

2
of microwave opacity, Table XII and Figs. 4 through 9 present the green-

house requirement for various constraints on the CO, mixing ratio and cloud-

2
top pressure.

IV. CRITIQUE OF OTHER GREENHOUSE MODELS

The discovery of the high surface temperature on Venus has engendered
a large number of models attempting to explain this phenomenon, including

the present paper. We briefly review and comment upon these other models.

In 1940, Wildt (1940) considered the effect of the then estimated amount
of carbon dioxide in the Venus atmosphere and concluded that it would cause
only a very modest greenhouse effect of no more than 50° K. As mentioned
above, carbon dioxide has a number of window regions and so, some additional
source of opacity, such as water vapor, is needed for a large greenhouse

effect.

The first modern greenhouse model was proposed by Sagan (1960). His
model employed CO2 and HZO vapor opacity to cause the greenhouse effect
and he estimated these quantities from boiler-furnace emissivities for each
of the gases, with some attempt made to correct for wavelength overlap.
Little attempt was made to treat the solar-energy deposition, and the green-
house constraints were obtained by demanding that there be enough opacity
to adequately reduce the radiation flux from the surface at the top of the

atmosphere to an amount equal to the deposited solar energy.

Sagan's model was criticized by Jastrow and Rasool (1962), who pointed
to the need to carry out a more detailed radiative-transfer calculation. A
sample grey calculation indicated that much higher opacities were needed

when this was done. Jastrow and Rasool also did little with the solar-energy
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deposition problem nor did they attempt to identify their grey opacity require-

ment with the properties of a specific infrared absorber.

Further work on a gaseous greenhouse model was done by Plass and
Wyatt (1962), who showed that at pressures of tens of atm, CO2 can be quite
opaque at most infrared wavelengths, However, their greenhouse model
again improperly allowed for atmospheric infrared radiation and so is subject
to the same criticism as Sagan's early work. These authors also neglected
radiation beyond 20 p. There is enough radiation at these wavelengths to
decrease significantly the greenhouse effect if the proposed absorber does
not absorb beyond 20 p, as is the case for COZ'

Ohring and Mariano have stressed the role that condensation clouds
could play in achieving the greenhouse effect. In one paper (Ohring and
Mariano, 1964), they show how clouds that were opaque in the infrared and
covered a large fraction of the planet needed only a very modest amount of
atmospheric opacity to achieve the required radiation balance. However,
they assumed that the atmosphere was nearly adiabatic up to the cloud level.
In so doing, they neglected the most important part of a greenhouse calcula-
tion. Such lapse rates will pertain only if there is a continuously distributed
strong source of infrared opacity below the clouds and this opacity source is

evidently the most important contributer to a high surface temperature.

In another cloud model, Ohring et al. (1964) considered an opaque cloud
layer extending to the 373° K level, below which opacity was supplied by some
grey absorber in radiative equilibrium. Such models are defective in not
comparing the grey absorber with some real material and in assuming a priori

that radiation equilibrium holds.

A third class of greenhouse models envisions aerosols such as dust par-
ticles distributed throughout the atmosphere. One apparently obvious advan-

tage of such a model is that large opacities over the entire infrared domain

T AT
(O 4

b

problem is that the aerosols might be so opaque even to sunlight that no

28




sunlight will reach the ground. It must be remembered that these aerosols
will be quite small if they are to stay aloft for any length of time, and so it is
not obvious a priori that such particles will be opaque at all infrared wave-
lengths, Naturally, scattering will abet the absorption process, but it is
still of great interest for the absorption properties of common materials to
be determined. It might be pointed out that below 5 pu in wavelength, A1Z 30
calcite, and quartz particles of small dimension (~10 p) are fairly transparent

(Gray, 1963).

The first such dust model was proposed by 6pik (1961). He assumed

a priori that all the solar energy would be deposited at the top of the atmos-

phere and invoked wind friction as a means of supplying heat to ‘the surface,
To keep the aerosols aloft, he required the atmosphere to be in convective
equilibrium. One objection to (")pik's model, although not a fundamental one
to dust models per se, is that with a convective atmosphere the solar flux
deposited at the top will be transferred to the ground chiefly by convection
and there is no need to invoke a minor heat-input mechanism like wind fric-
tion. If all the solar energy is deposited at the top, then the infrared net
flux below this level will be zero and for a local theory the atmosphere will

be isothermal. In this sense, (Spik's model is self-contradictory.

Goody and Robinson (1966) attempted to circumvent this latter difficulty
by having global circulation play a role and be the causative agent of an
adiabatic lapse rate below the clouds. Analogy was drawn to the situation

for terrestrial oceans. Again the sunlight was assumed a priori to be

deposited in one narrow region of the atmosphere. While such a model
pertains most reasonably to a dust layer, the authors also considered its
application to a water-cloud layer extending to the surface of the planet.

Even without the Soviet results, this specific model is clearly inapplicable to
Venus since a microwave opacity of more than 104 of the observed value
would thereby be engendered (Pollack and Sagan, 1967b). A more fundamental
criticism has come from Hess (1967), whose calculations indicated that global
circulation would not lead to a substantial adiabatic layer below the level of
deposition. In addition, as we will mention immediately below, the solar

energy is not absorbed in a thin layer of the atmosphere.
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Samuelson (1967) has made a major contribution to the dust model by
explicitly calculating the solar-energy deposition from single-scattering
albedos implied by the visual reflectivity of Venus. These single-scattering
albedos are quite high and so solar energy penetrates fairly deeply into the
dust layer and is not localized in one place. Samuelson overestimated the
greenhouse effect by assuming the dust layer was infinitely deep and in
radiative equilibrium. While his asymptotic temperatures were too low to
be compatible with the radio-derived average surface temperature of 700° K,
they may not be in very severe disagreement with the Venera 4 value of
550°K. Furthermore, Samuelson did not realize that the visual, single-
scattering albedo of the dust particle, which was derived by Sobolev (1963)
from the observed reflectivity, is very sensitive to the choice of phase
function. While Sobolev tried to derive the phase function, his theory is a
gross approximation. A more forward-scattering phase function than the
one employed by Sobolev implies a higher single-scattering albedo and hence
a larger greenhouse effect. Samuelson's work can be improved upon both in

this way and by allowing for convective instability.

Finally, Hansen and Matsushima (1967) supposed that solar energy cannot
reach the surface and added an additional heat source in the form of the sub-
surface heat flux due to radioactive heating. While this heat flux was several
orders of magnitude smaller than the solar-heat flux, they obtained the
required hot surface by increasing the aerosol opacity sufficiently. Although
the equilibrium form of this model is reasonable, it is unclear how the atmos-
phere evolved to the equilibrium state: Once there is so much dust that
sunlight could not penetrate to the surface, it is hard to see how additional

dust could be added.
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Fig. 1. Spherical albedo A as a function of wavelength \, in units of
microns. The calculations pertain to scattering by the clouds and atmos-
phere, but neglect gaseous absorption. The ice-cloud particles have an
average radius of 7. 5 p. The calculations were performed for two sur-
fact pressures Pg, and two cloud optical thicknesses 7). The atmos-
phere was assumed to be composed primarily of nitrogen. For atmospheres
composed primarily of carbon dioxide, the indicated surface pressure should
be divided by 1. 55.
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Fig. 2. Absorptivity B, of an ice cloud as a function of wavelength
A, in units of microns. The cloud particles have an average radius of
7.5 p and several optical depths T, are employed.
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Fig. 4. The water-vapor mixing ratio ap,Q, required for the desired
greenhouse effect as a function of the cloud-top pressure P. The carbon
dioxide mixing ratio assumed in the calculation of a given curve is indicated.
Solid lines correspond to a model with an assumed dry adiabatic lapse rate
within the ciouds, while the dashed lines correspond to a wet adiabat within

the clouds.
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Fig. 5. The cloud-bottom temperature T, as a function of the cloud-
top pressure P for various successful greenhouse models. The carbon
dioxide mixing ratio assumed in the calculation of a given curve is indi-
cated. Solid lines correspond to a model with an assumed dry adiabatic
lapse rate within the clouds, while the dashed lines correspond to a wet
adiabat within the clouds.
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, Fig. 6. Surface pressure P_, as a function of the cloud-top pressure
g, for various successful greenhouse models. A surface temperature of
700° K was assumed. The carbon dioxide mixing ratio assumed in the
calculation of a given curve is indicated. Solid lines correspond to a model
with an assumed dry adiabatic lapse rate within the clouds, while the dashed
lines correspond to a wet adiabat within the clouds.
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Fig. 7, Microwave parameter M, as a function of the cloud-top
pressure P, for various successful greenhouse models; M is the ratio
of the actual opacity for an assumed surface temperature of 700° K to that
required by the Ho et al. best fit to the passive microwave data. The carbon
dioxide mixing ratio assumed in.the calculation of a given curve is indicated.
Solid lines correspond to a model with an assumed dry adiabatic lapse rate
within the clouds, while the dashed lines correspond to a wet adiabat within
the clouds. '
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~ Fig. 8. Microwave parameter R as a function of the cloud-top pressure
P for various successful greenhouse models; R is the ratio of the micro-
wave opacity due to water vapor to that due to carbon dioxide and nitrogen.
The carbon dioxide mixing ratio assumed in the calculation of a given curve
is indicated. Solid lines correspond to a model with an assumed dry
adiabatic lapse rate within the clouds, while the dashed lines correspond

to a wet adiabat within the clouds.



0.50 T T rllllII T T 1 ﬁ[][[ll T T T T TT T T 1T
0.97 0.75 0.50
— DRY
040  _ _ wET .
0.30 + -
r-£
0.20 ~ -
0.10 -
0.00 1 11 111
10>
a
N2

Fig. 9. Nitrogen mixing ratioayy, as a function of the cloud-top
pressure B for various successful gre%nhouse models. The parameter ay
is calculated by assuming that nitrogen, carbon dioxide, and water vapor
are the major constituents of the Venus atmosphere. The carbon dioxide
mixing ratio assumed in the calculation of a given curve is indicated. Solid
lines correspond to a model with an assumed dry adiabatic lapse rate within
the clouds, while the dashed lines correspond to a wet adiabat within the
clouds.



TABLE I
Values of the Equivalent-Width Parameters

Band Center

Limits (cm
W (em™h (em™) c a kK ay, C D K
co,

14. 8 675 550- 800 5.21 0.50 .43 50 -58 55 47
4.29 2330 2160- 2500 22.0 0.54 .50 50 + 27.5 34 31,
2.75 3640 3480- 3800 4,65 0.58 .51 50 -137 77 68
2.01 4975 475»0- 5200 0. 469 0.50 .41 80 -536 138 114
1.59 6275 6000- 6550 0. 063 0.50 .38 80 -637 119 90
1.44 6950 6650- 7250 0. 058 0.50 .41 80 -736 130 107
1.22 8162 8000- 8325 0. 0133 0.50 .41 80 -453 70. 58
1. 06 9475 9300- 9650 0. 00182 0.50 .41 80 -626 76. 62

H,O

6.25 1600 1150- 2050 339 0.50 0.36 160  +302 218 157
3.26 3370 2800- 3340 40.2 0.50 .30 500 +447 134 80.
2.58 3870 3340- 4400 380 0.50 .30 200 +337 246 150
1.87 5350 4800~ 5900 132 0.50 .31 275 +127 232 144
1.38 7250 6500- 8000 242 0.50 .22 350 +202 460 198
1.14 8800 8300- 9300 31 0.50 .26 350 -172 248 129
0. 926 10800 10100-11500 38 0.50 .27 350 -311 347 187
0.813 12300 11800-12800 6.86 0.50 .27 350 -497 248 134
0.719 13900 13400-14400 7.23 0.50 .27 350 -486 248 134




TABLE II
Window Regions at the Bottom of the Atmosphere

P
s

Gas mixture B

(1)

15 atm

Gas mixture A

(1)

Gas mixture B

(1)

Ps = 300 atm

Gas mixture A

(m)

0.400-0.
0.728-0.
0. 823-0.
0.963-1.
1. 056-1.
1.178-1.
1.231-1.
1.541-1.
1.623-1.

2.117-2,

711
803
892
055
097
220
248
565
715

235

0.400-0.

0.735-0

0.833-0.
0. 980-1.
1.061-1.

1.196-1.

1.655-1.

705
. 794
878
050
082

209

680

0. 400-0.
0.741-0.
0. 841-0.
0.996-1.

1.062-1.

699
787
865
049

069

0.400-0.692
0.749-0.779
0.850-0. 852

1.015-1. 040
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TABLE V

Bolometric Albedo and Effective Temperature

Abol

'rl=18,A 'rl=18,B T1=43’A =43, B
P=15atm 0. 690 0. 704 0. 769 0. 780
P =175 atm 0. 738 0. 754 0. 784 0. 784
P= 300 atm 0. 759 0. 769 0. 794 0. 804

TepCK)

Tl=18,A T1=18,B T1=43,A =43, B
P=15 atm 245 242 228 225
P= 75 atm 232 232 224 221
P=300atm 230 228 221 218




oo~ xX09°¢

No~ X €9°1

oo~ X001

No~ X LL'T

¢o~ X082

ol X117
9

% .
oo~ €y

50T X LL7T

(0T X 6571

.01 X801

2-01 X 08°¢

201 X901

0T X €57

80"
g-01 X 89°2

(0T X EL¥

XEL'T
X ev ¢
X 81°¢
X61°1
X621
X 60 °¢
X L6°L
X621
X 18°2

X€9°¢

vie'o

6%1°0

0L2°0
9% 0
L69°0

€8L°0

s02°0

89¢ ‘0
2LT 70
vIL O
0L5°0
22e 0
0ge "0
69L 0
€98 "0
8S€ 0
g¢2 0

862 -60 ¢
26 °2 -89 °2
2Vt -26°2
88°¢ -2F°¢
28°v -88°¢
€9°S -28°'%
SG°L -€9°9
68 °8 -SG9 °L
06 '21-68°8
6€ 'L1-06 '21

€l
21
11

o1

< v W0

()
TeAalajur
yjduarasem

NOU j0 A310ed pueqpeoiqg 9yj I0J siajowreded

IA 31dV.L



"spueq Surioqylrau woly paIIduUl

SL°S Ss 'b 8020 ¥62°0 oLy '0 S0% "0 1L9°0 8¥5 "0 86 'Z -60°C €l
m-oﬁ X 91°9 m|o~ X S€ 6 96 ¥ 59°9 91% "0 90% "0 26€°0 06¥% 0 26 °2 -89 °C Z1
TS X 60 ¥ Toﬂ X €5 °% ¥20 1 ¥20 "1 §a% 0 ¥vy 0 L9% "0 L2s°0 b e -6 °C It

98 b1 €6 V1 9680 0 66,0 °0 S19°0 995 '0 G9L°0 68L°0 88°'¢ -~Zv ¢ ot

1S 'v1 09 '¥1 €It o 2€1’0 00¢°0 %S 0 L99°0 809 °0 28°'F -88°¢ 6
N-oH X 9L"L Nuoﬁ X 69°8 G966 °1 61°2 L2y 0 S0% "0 bev o 8% 0 €9°G -28'F% 8
m-o~ X 19°L N-H: X 0€ "1 LL’e 8L"S LYy 0 ¥Iiv 0 29¢€ "0 ¥6¥% 0 56 °L €979 L

L6 "2 86 2 29¢°0 S9¢ "0 €s¥ 0 ¥9% "0 2LS 70 196 °0 68 '8 -S5°L 9

— 0L°9 —_ €EVI°0 - 658 °0 - 658 °0 06 "21-68 '8 S

e ~|o~ X ev I — 65 "1 LEZO L0g¢ "0 — 6¢v 0 6€ "L1-06 21 ¥

—_ N-o~ X €2°¢ - ¥9 ¥ 09¢°0 Lev "0 - 299 0 Iy '62-6€°LT ¢

m-o~ X G§L°2 m..oH X 621 se s g¢ ‘81 0S¥ "0 0%s 0 9L5°0 L6% ‘0 06-1v 62 ¢

v-o~ X L1°g v-o~ X LI'S Gl ¢S 26 '82 Vwomv 0 %ovm 0 %ohm 0 %.\lmv ‘0 001-0¢ I
~u>> u>> R 2 ,S s 1 1 ~m>ﬁ.~1mw..-5

y8uaiaaem

Omm jo £110ed( pueqpeOIg 9Yyj I0J sIajoweled
IIA ATdVL



626 ‘¢ 0162 289 °1 N..o~ X 9% 1 To~ X 6% "1 N-o~ X Ly 2 21L°0 L0L°0 296 °0 28°'F -88°¢ 6
0ss ¥ 292V €09 °L N|o~ Xel'L N|o~ X e¥ 6 N|o~ X 6€ °1 I¥L "0 0890 956 0 1y "62-6€°LT €
219°1 8291 2L6°1 0920 2L2 0 PL1°0 ¥.6 0 €€6 '0 866 °0 0S-1¥ 62 2
892 1 992 '1 G62°1 02¥ 0 AN 0% 0 166 °0 €66 °0 666 0 001-0¢ 1
bl > bo) bo) o) > X I X m
M M wM ! “ ‘ *" ﬁﬁmuwﬁz
yi8uaresem
Z

N jo £310edp pueqpeodg sy} 10J siIajaweded
IITA dTdVL



TABLE IX

Effective Emitting Temperatures in Various Wavelength Regions

Wavelength region Effective temperature (°K)

(1) 0.1% CO2 10% C02

50-100 217.8 217.8
29.41-50 221.7 221.7
17.39-29. 41 230.9 230.9
12.90-17. 39 215.6 210.0
8.89-12.90 234.8 232.0
7.55- 8.89 234.7 234, 7
5.63- 7.55 229.8 229.5
4.82- 5.63 233.0 227.8
3.88- 4.82 228.8 215.5
3.42- 3.88 234.8 233.3
2.92- 3.42 234,2 234, 1
2.58- 2.92 224.2 216. 4

2.09- 2.58 234.7 234. 4




TABLE X

Values of Y for Various Opacity Sources

o

Wavelength
Atmospheric interval
level () Y(HZO) Y(COZ) Y(NZ)

Near cloud 1 -1

bottom 50-100 6.24 10 2.55 X 10
Near surface 4,91 105 1,32 X 103
Near cloud 0 -2
bottom 29-50 6. 54 10 3.94X 10
Near surface 4,49 104 1,78 X 102
Near cloud -1 -3
bottom 17-29 1.11 10 1.44 X 10
Near surface 9, 40 101 3.76 X 100
Near cloud -3 > -2
bottom 3.9.4. 8 6. 05 10 3.33X 10 6.25X 10
Near surface 4,23 x 1072 3.45x 10>  7.38x 107!
>'<Cloud-bottom temperature is 240° K, cloud-top ‘Pressure 1 atm, CO,,

HZO’ and N2

mixing ratios are 0.52, 1.7 X 10~

L]

and 0. 48, respectively,



TABLE XI

Summary of Model Calculations

B T °co, quo aNz P, M R

0. 494 240, > 1

0. 585 240, 0. 956 2.84x 1074 0. 0435 250 147 . 0260
0. 790 240, 0. 747 2.13x 1074 0.253 248 94.9 . 0298
1. 00 240, 0. 524 1.71x 1074 0. 476 212 39.0 . 0428
2.05 240, 0.153 8.53x 107> 0. 847 2ii 7.37 . 122
4.16 240, 0. 0295 4.26x 1070 0. 970 341 4.83 .276
7.76 240, 0. 00477 2.27x 1077 0. 995 672 9.51 . 293
10, 31 240, 0. 00135 1.71x 1073 0. 999 948 16. 0 . 252
24.7 240, 1.69 % 107° 6.82x 107® ~1, 00 2950 129 . 107
29.2 240, <0

0. 266 260, > 1

0. 354 260, 0. 966 2.27x 1073 0. 0317 138 53,3 . 205
0. 453 260, 0. 772 1.82x 1073 0. 227 127 31.7 . 241
0.612 260, 0. 501 1.40% 1073 0. 498 107 12.3 . 378
0. 826 260, 0,258 1.07x 1073 0. 741 95. 4 4,69 . 773
0. 982 260, 0.173 9.09%x 1074 0. 826 98. 1 3.48 12
4.99 260,  146x 107t 1Lg2x10t ~100 403 8. 42 .83
7.43 260, <0

0.193 270, > 1

0.214 270, 0.951 7.60x 1073 0. 0416 77.8 23.4 . 705
0. 265 270, 0.775 6.34% 1073 0.219 71.6 15.0 . 836
0. 319 270, 0. 601 5.43x 1073 0.394 63.6 8.84 . 09
0.378 270, 0. 431 4.75% 1073 0. 564 56. 0 5. 06 .62
0.166 2700 >1

0.187 270, 0. 904 7.22x 1073 0. 0888 76.5 21.0 .731
0.212 270, 0.814 6.58 x 107> 0.179 73.1 16,7 .798
0.265 270, 0. 636 5.60 X 1073 0. 358 65.1 9.86 .03
0.321 270, 0.463 4.87x 107> 0.532 57.4 5, 64 .49
0.151 275, >1

0.172 275, 0. 894 1.32 % 10'2 0. 0929 55.2 14,7 .36
0.226 275, 0. 650 1.06 x 1072 0. 340 47.8 7.76 .87
0.284 275 0.411 8.80 x 107> 0. 580 40.0 3.87 .24




Summary of Model Calculations (Cont. )

TABLE XI

P T °coz quo nNz P M R
102 275, > 1

122 275, 0. 897 1.32 % 1072 0. 0899 55. 3 14.7 1. 36
147 275, 0. 767 1.17x 1072 0. 221 51, 4 10.6 1.57
. 173 275, 0,644 1.05x 1072 0. 345 47, 6 7.65 1.89
. 229 275 0. 399 8.73x 1073 0. 592 39.6 3.74 3. 36
. 113 280, > 1
. 148 280, 0. 793 0. 0207 0.186 38.9 9.09 2.63
. 181 280, 0.593 0.0176 0. 389 34, 4 5.57 3.63
. 35} 280, 0. 0973 0. 0100 0.893 29.4 1.89 24.0
. 508 280, 0. 0288 0. 00702 0. 964 38.2 2.20 46,6
. 022 280, 0. 00162 0. 00351 0. 995 74.7 4,20 51.6
. 028 280, <0
. 0610 280, > 1
. 0689 280, 0. 936 0. 0238 0. 0401 41.6 12.5 2.27
. 0781 280, 0.867 0. 0221 0.1106 40. 4 10.8 2. 42
. 184 280, 0.270 0.0133 0.717 28.3 2.48 9.12
. 345 280, 0. 0545 0. 00839 0.937 33.1 1.99 34.8
. 501 280, 0. 0245 0.00614 0. 969 43,5 2.50 44.9
. 023 280, 0. 00124 0. 00325 0. 996 80.9 4.57 48.6
. 04 280, <0
, 0521 300, >1
L0617 300, 0. 856 0.139 0. 00496 12.7 5,01 16. 1
. 0720 300, 0.772 0.122 0.107 13.6 5.05 16.8
. 0860 300, 0. 541 0.108 0. 351 11.4 3.09 27.0
. 0999 300, 0. 365 0. 0975 0.538 10.2 2.18 45,0
217 300, 0. 0572 0. 0488 0. 894 15.5 2,47 203.0
. 330 300, 0. 0102 0.0325 0. 957 22. 1 3.35 367.0
. 443 300 <0




Summary of Model Calculations (Cont. )

TABLE XI

T uCOz °H20 nNz Ps M R

0. 001 300, >1

0. 00266 300, 0. 831 0.133 0. 0353 13.1 5.09 16.2

0. 00401 300, 0.765 0.121 0.114 13.7 5.03 16.9

0. 00558 300, 0. 589 0.112 0.299 11.7 3. 36 24,3

0. 00717 300, 0. 493 0, 1051 0. 402 11,12 2.82 30.4

0. 0335 300, 0. 0858 0. 0652 0. 849 1.7 1.89 188

0. 0898 300, 0.0210 0. 0423 0.937 17.1 2.60 356

0.188 300, 0. 00259 0. 0282 0. 969 25.4 3.82 418

0.29 300, <0

0. 0375 320, > 1

0. 0483 320, 0.533 0. 384 0. 0833 4,25 1.47 110

0. 0743 320, 0.159 0.288 0.553 4.76 1.37 499

0. 0977 320, 0. 0407 0.230 0. 729 6. 06 1.77 1.64x 10>

0.1559 320, <0

2x107° 320, >1
1.28 x 1074 320, 0. 364 0. 323 0. 312 4.88 1.63 170
3.45 x 1074 320, 0.111 0. 257 6. 632 5.49 1.63 682
9.70x 107% 320, 0. 0249 0.210 0. 766 6.87 2.08 2.08 x 103
2.21x 1073 320, 0. 00496 0.179 0. 816 8. 68 2.83 3.26 x 10°
4.5 x 1073 320, <0

0. 0247 340, >1

0. 0666 340, 0. 0237 0. 636 0. 341 3.27 1.42 1.69 x 10%

0. 0940 340, <0

7% 10°® 340, > 1
2.80% 107> 340, 0. 00263 0.599 0. 398 3.76 1.78 4.50x 10°

1x 1074 340, <0

gx 1072 360, > 1

1x 1071 360, <0

7x 107° 360, >1

2% 1077 360, <0
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